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Liquid ZrO2 is one of the most important materials involved in severe accident analysis of a light-water reactor.
Despite its importance, the physical properties of liquid ZrO2 are scarcely reported. In particular, there are no
experimental reports on the viscosity of liquid ZrO2. This is mainly due to the technical difﬁculties involved in the
measurement of thermo-physical properties of liquid ZrO2, which has an extremely high melting point. To address
this problem, an aerodynamic levitation technique was used in this study. The density of liquid ZrO2 was
calculated from its mass and volume, estimated based on the recorded image of the sample. The viscosity was
measured by a droplet oscillation technique. The density and viscosity of liquid ZrO2 at temperatures ranging
from 2753 K to 3273 K, and 3170 K–3471 K, respectively, were successfully evaluated. The density of liquid ZrO2
was found to be 4.7 g/cm 3 at its melting point of 2988 K and decreased linearly with increasing temperature, and
the viscosity of liquid ZrO2 was 13 mPa at its melting point.1. Introduction
To predict the progression of a core melt-down accident of a light-
water reactor, it is necessary to understand the physical behavior of
the molten core materials: how they ﬂow down the core region, how they
breach the pressure vessel and eject, and how they spread at the bottom
of the containment vessel. An accurate understanding of the behavior of
the molten core materials is one of the key issues to predict the distri-
bution of the fuel debris, which is one of the most important issues for the
defueling operation in the Fukushima Daiichi (1F) nuclear power plant.
For such prediction, advanced computer simulation methods, such as the
moving particle semi-implicit (MPS) method, are being developed, which
directly simulates molten core behavior by discretizing the governing
equations [1]. To get reliable data from such computer simulations, ac-
curate physical properties of molten corium are required as initial input
parameters. Viscosity is a key physical property to predict the ﬂow
behavior of melts.
In the early stage of the accident, a metallic liquid phase is generated
from zircaloy (Zr-based alloy), stainless steel (Fe-, Ni-, and Cr-based
alloy), and B4C. The physical properties of Zr–Fe [2], Zr–Ni and Zr–Cr. Ohishi).
orm 13 May 2019; Accepted 3 Ju
evier Ltd. This is an open access a[3] liquid alloys have been reported. When the temperature of the fuels
exceeds 2300 K, zircaloy claddings will react with UO2 fuels, resulting in
the formation of a U–Zr–O liquid phase. To gain insight into the physical
properties of U–Zr–O liquid, this study focuses on liquid ZrO2.
Molten ZrO2 has attracted much attention, not only as a component of
the molten core materials, but also as a representative non-glass former.
Although the mechanism of the glass-formation ability is not yet fully
understood, it is known that glass-formation ability is closely related to
the viscosity. Kohara et al [4] performed X-ray diffraction measurement
on liquid ZrO2 using synchrotron radiation. They reported that Zr–O
bonds in liquid ZrO2 have short lifetimes, which explains the low vis-
cosity (~2 mPa at 3073 K calculated by combined density functional
theory and molecular dynamics simulations) and potentially also the low
glass-formation ability of liquid ZrO2.
Despite the high interest in thermophysical properties, there are to
our knowledge no experimentally obtained data on the viscosity of
molten ZrO2 reported because of the difﬁculty to carry out such mea-
surements caused by the materials high melting temperature (2988 K
[5]). Due to melt-container reaction conventional container-based tech-
niques cannot be applied. This problem can be solved by using levitationly 2019
rticle under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
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levitation (ADL) is the most appropriate technique for the levitation of
oxides [6]. In this technique, a sample is levitated by a gas ﬂow using a
conical nozzle. Therefore, reduction of the sample can be easily pre-
vented by mixing oxygen into the ﬂowing gas. Recently, Langstaff et al.
developed a new method to evaluate the viscosity of the liquid sample
levitated by ADL [7]. In this method, the viscosity is evaluated from the
damping constant of droplet oscillation that are precisely induced by a
pressure wave in the gas ﬂow using loud-speakers operated at the droplet
oscillation resonance frequency. The viscosities of molten Al2O3–ZrO2
mixtures have already been evaluated by this method [8]. The present
study reports the experimentally obtained viscosity of liquid ZrO2, which
has the highest melting temperature among the materials that had their
viscosity measured by ADL, for the ﬁrst time.
2. Experimental
The sample was aerodynamically levitated in a convergent-divergent
conical nozzle and melted by lasers. The density of the liquid sample was
calculated from its known mass and the measured volume, which was
evaluated from the recorded images of the sample. The viscosity was
measured by the droplet oscillation technique. This method measures the
viscosity by observing the damping behavior of the oscillated samples.
Fig. 1 shows the schematic view of the ADL furnace used for the mea-
surement. This furnace was built in reference to the one developed at the
German Aerospace Center (DLR) [ [9] based on the Aberystwyth Uni-
versity design by Langstaff et al. [6]. This ADL furnace comprises a
levitation system, a heating system, an image-recording system, and a
droplet oscillation system.2.1. Levitation and heating system
The levitation system consists of a conical converging–divergingFig. 1. Schematic view of the aero
2nozzle (diameter: converging part is 1mm, and diverging part is 3 mm)
and a levitation gas supplying system. Approximately 15% O2 and 85%
Ar mixture gas was supplied to the nozzle using a mass ﬂow-controller at
a typical combined ﬂow rate of 400 cm3min-1. O2 was added to prevent
the reduction of samples during the experiments. The color of all the
samples used in this study was white after the experiments, suggesting
that the samples were not reduced. The sample was levitated by the gas
ﬂowing through the nozzle. The levitated sample was melted by two 100-
W CO2 lasers (Coherent, GEM100) emitting at approximately 10.6 μm.
One laser was aimed at the top of the sample, and the other was aimed at
the bottom of the sample to prevent a temperature gradient between the
bottom and the top of the sample.
The temperature of the sample was measured using a single-color (0.9
μm) pyrometer (Chino, IR-CAS8CNL). The data were recorded every 2 ms
by a data logger (Graphtec, GL-900). Because the emissivity of liquid
ZrO2 is not known, we calibrated the temperature measured by the py-
rometer (Tp) to the real temperature (T) of the samples based on Wien's
law [10].
1
T
 1
Tp
¼ 1
TL
 1
TL;P
(1)
where TL is the melting point, and TLP is the melting point measured by
the pyrometer all in units of Kelvin. The value of TL used for liquid ZrO2
was 2988 K [5], and that of TLP was determined based on the cooling
curve corresponding to the maximum of recalescence, shown in Fig. 2. To
apply this equation, it is assumed that emissivity of the sample does not
change in the temperature range of interest. Therefore, it must be noted
that the uncertainty in the calibrated temperature would increase with
increasing temperature.
2.2. Image-recording system
Images of the levitated sample were recorded using a high-speeddynamic levitation apparatus.
Fig. 2. Cooling curve of the ZrO2 during the experiment.
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TS GOLD). The frame rate of the high-speed camera was 2000 fps. UV
light was used as a back light (Hamamatsu, Ls9588-02A) with a 370  2
nm bandpass ﬁlter. Because the lower part of each sample was hidden by
the edge of the conical nozzle, it was only partially visible. Thus, the
visible part was ﬁtted by an ellipsoid to estimate the whole shape of the
sample. Fig. 3(a) shows the image of liquid ZrO2 taken by the high-speed
camera. The edge was extracted and ﬁtted as shown in Fig. 3(b). The
horizontal and vertical diameters of the sample were output in pixels. To
convert pixels into millimeters, steel use stainless (SUS) balls with di-
ameters of 2.0 mm–3.0 mm were measured. The deviation of the diam-
eter measured by micrometer calliper (Mitsutoyo, MPC-25MX) of each
SUS ball was less than 0.008 mm Fig. 4 shows the relationship between
pixel number and the diameter of the SUS balls. From this result, a
conversion relationship of 1 pixel ¼ 5.8  103 mm was obtained and
used for further calculation.Fig. 3. Images of the levitated sample: (a) taken by the high-speed camera and
(b) after binarization for the analysis by the ellipse-ﬁtting program. The red
circle marks the ﬁtted ellipse, with the respective minor and major axis repre-
sented by the two straight lines.2.3. Droplet oscillation system
Droplet oscillation was induced by two speakers (Tymphany,
P830970). The signals fed into the speakers were in the form of a sine
wave generated by function generator (AS ONE, AWG1005) and ampli-
ﬁed by an ampliﬁer (Pioneer, A-10). The speakers were placed in the gas-
supplying system to oscillate the sample by the levitation gas ﬂow.
Hereby, the observed oscillation mode of the sample depended on the
induced frequency. For viscosity measurements, a vibration mode where
vertical and horizontal motions are phase shifted by 90 (l ¼ 2, m ¼
0 mode) must be induced [7]. Therefore, the sample oscillation was
visually observed through the camera whilst changing the induced fre-
quency to select the adequate vibrational mode. For the measurement
after exciting the sample with the appropriate resonance frequency, after
turning off the speakers, the oscillation was damped by viscous friction.2.4. Density and viscosity measurement
The density of the sample (ρ) can be calculated from the mass (m) and
volume (V) of the sample by
ρ ¼ m
V
(2)
whereby V was determined from the recorded images and m was
measured after the ADL experiment. The volume of the sample V was
calculated from the horizontal and vertical diameters of the sample taken
from the image analysis, which were recorded after the heating lasers
were turned off. The equation of V is described as3V ¼ 4πr
2
Mrm
3
(3)whereby rM and rm are half the major and minor axis, respectively. It is
assumed that the sample is symmetric about the minor axis because the
rotation of the sample during the experiment was occurred this direction
from the analysis of camera images.
The viscosity was determined by applying the oscillation droplet
method [11]. In this method, the viscosity (η) of the sample is calculated
from the decay time (τ) of the damped oscillation of the l ¼ 2 mode by
η ¼ ρr
2
0
5τ
(4)
where r0 is the radius of the spherical sample, which is calculated from
the volume of the sample. The decay time is obtained from the time-
dependent diameter of the sample recorded for the damped oscillation
of the sample. As an example, the time-dependent horizontal diameter of
Fig. 4. Pixel to length calibration curve as obtained from the image analysis of
SUS reference balls.
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damped-harmonic oscillator solution [7].
r h¼Aexp

 t  t1
τ

sinð2πνRðt  t0ÞÞ þ Rav (5)
where r_h is the horizontal or vertical radius of the sample, t is the time, A
is the initial amplitude, t0 is an offset time for the oscillation, t1 is the time
the decay starts, vR is the resonance frequency of the droplet, and Rav is
the radius of the droplet at rest. Among them, A, t0, t1, vR and Rav are free
parameters and determined by ﬁtting. The coefﬁcient of determination
(R2) was higher than 0.98 for all the ﬁttings, which shows that the data
were well ﬁtted by Eq. (5). In this equation, the exponential term rep-
resents the damping of the oscillations. In this study, the horizontal
radius alone was used for the calculation, because the lower part of the
sample was not visible; this might have resulted in less reliability of the
vertical radius. The decay time was derived from this ﬁtting, and the
viscosity was calculated by Eq. (4).Fig. 5. Left: Time-dependent horizontal amplitude of the decaying droplet oscillati
recorded images at the inﬂection points of the oscillation clearly show the l ¼ 2 mo
42.5. Sample preparation
Spherical samples with a diameter of approximately 2 mm were used
for the ADL experiments. ZrO2 and Al2O3 samples were prepared. Al2O3
was measured to evaluate the accuracy of the measurement system by
comparing the measured data with literature values. Alumina powder
(Kojundo Chemical Lab., 4N) was pressed into a pellet at a pressure of
100 MPa. The pellet was sintered at 1773 K for 12 h in air. ZrO2 powder
(Furuuchi Chemical Lab., 4N, except for Hf impurities—the Hf content
was 1.3 wt%) was sintered into a pellet by the spark plasma sintering
(SPS) method (Sumitomo Coal Mining Co., Ltd., 511S) at a pressure of
100 MPa at 1723 K in an Ar ﬂow atmosphere. Because SPS was per-
formed in a reducing atmosphere, the color of the sintered ZrO2 pellet
was gray. To compensate the reduced oxygen, the ZrO2 pellet was heated
at 1323 K for 12 h in air, which changed the color of the pellet from gray
to white. After sintering, each pellet was crushed and, from the frag-
ments, small pieces with approximately 20 mg weight were selected for
the ADL experiments. Once they were melted by laser radiation, they
became ellipsoid because of the surface tension.
3. Results and discussion
3.1. Reference measurement of density and viscosity of liquid-Al2O3
Fig. 6 shows the temperature-dependent density of the liquid Al2O3
with the reference data measured by Langstaff et al. using ADL [7],
Tamaru et al. using ESL [12], Paradis et al. using ESL [13], and Kir-
shenbaum using the Archimedean method [14]. The data by Tamaru
et al. were measured in the International Space Station. Our measured
data are almost identical with those of Langstaff [7], whose measurement
method was the same as the one in this study. The maximum difference
between our data and Langstaff's data is, at most, 1.2% at 1928 K. The
ESL data by Paradis are slightly higher than the data in this study,
possibly because of the sample reduction and or evaporation during the
ESL measurement, because the ESL experiment was conducted under
vacuum conditions. The Archimedean method has been used for a long
time as the common technique to measure the density of liquids. How-
ever, it is difﬁcult to take measurements at a high temperature, because
the sample may react with the vessel during the measurement.
Fig. 7 shows the result of the viscosity measurement for Al2O3 withon of a ZrO2 sample. The red curve represents the ﬁt using Eq. (4). Right: The
de character of the oscillation.
Fig. 6. Density of liquid alumina as function of temperature. Data of this work
(red/white bullets) are compared with the results by Langstaff et al. [6] (green
dashed line).
Fig. 7. Viscosity of liquid alumina as a function of temperature. Data of this
work (red triangles) are compared with the results of Langstaff et al. [6].
Fig. 8. Temperature dependent density of liquid zirconia determined in two
independent runs (open symbols) shown with a ﬁt to the data (blue line)
applying Eq. (5) compared with the data of Kohara (red dashed line).
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Elyutin and Bates (oscillating cup method) [16, 17], Urbain (rotating cup
method) [18], and Grishchenko (gas-ﬁlm levitation, GFL) [19]. Viscosity
was measured three times at each temperature, and the standard errors
are shown as the error bars in Fig. 7. The literature values signiﬁcantly
differ, suggesting the difﬁculty in the viscosity measurement of
high-temperature liquid Al2O3. Among the literature data, the data of this
study are in good agreement with those of Langstaff measured by ADL,
which is the same method as applied here. The maximum difference
between the present data and Langstaff's data is, at most, 18% at 2688 K
and within the error bars for this technique. In summary, Al2O3 mea-
surement revealed with differences between the present and Langstaff's
ADL reference data within the error bars, that the present ADL gives
accurate results on both of those properties.
3.2. Density and viscosity of ZrO2
The measured density of ZrO2 is shown in Fig. 8 together with liter-
ature experimental data (taken from the supplemental information of
Ref. [4]) and the estimated value [20, 21, 22]. We measured two times
(#1 and #2) using different samples, and both data agree within error5bars. The data are slightly lower than those reported by Kohara et al [4].
Kohara also used the ADL method to measure the density of liquid ZrO2.
However, the experimental setup was slightly different from the one in
the present research. Kohara et al. only heated the top side of the sample
by a single laser. The bottom side was not directly heated. It is known that
in ADL without heating from the bottom temperature gradients of several
ten to even a few hundred Kelvin are expected [23]. With the tempera-
ture measured using a pyrometer focusing on the top side of the sample,
they might have overestimated the temperature of the sample. Moreover,
the temperature gradient would also lead to a density gradient within the
sample. The density of liquid ZrO2 decreases linearly with increasing
temperature, which is a generally observed behavior for liquids. The
recorded densities were described by the following equation [24]:
ρ¼ aðT TmÞ þ ρm (6)
where Tm is the melting temperature (2988 K for ZrO2), ρm is the density
at the melting temperature, and a is the free parameter. By ﬁtting this
equation to the data in this study, the following equation is obtained
ρlZrO2 ¼ 

4:10 0:87 104T  2988þ 4:69 0:23 g=cm3 2753 K
< T < 3273 K

(7)
where ρlZrO2 is the density of liquid ZrO2. The density at the melting
point is found to be 4.7 g/cm3 using Eq. (7).
Although the density measurement ﬁnishes in a short period of time
(within around 30 s), the viscosity measurement takes a while (about 10
min), because it is necessary to ﬁnd the appropriate frequency and
amplitude of the oscillation for the measurement. Because the vapor
pressure of ZrO2 is higher than that of Al2O3 (18 Pa for ZrO2 and 0.12 Pa
for Al2O3 at their melting points, calculated using the FACT 53 database),
special attention should be paid to the viscosity measurement of liquid
ZrO2. To avoid the effect of sample evaporation on the measured results,
the viscosity measurement was performed only one time at a certain
temperature for one ZrO2 sample. To check for evaporation, the mass of
the samples was measured before and after the ADL experiments. The
change in sample mass during the whole experiment (about 1 min) was
less than 7%. This include the time for adjusting the ﬂow rate of levi-
tating gas, resonant frequency from the speaker, and so on. The actual
mass reduction during the density and viscosity measurement is about
0.02% and 0.5%, respectively, because the actual experimental time is
about 100 ms for density measurement (the time of sample cooling after
laser is switched off) and 2.5 s for viscosity measurement (the time from
T. Kondo et al. Heliyon 5 (2019) e02049turning off the speaker until sample cooling). This means the sample
evaporation effect roughly results in a 0.02% overestimation in density
measurement and a 0.2% overestimation in viscosity measurement,
suggesting that the evaporation effect can be ignored.
The measured viscosity of liquid ZrO2 is shown in Fig. 9. Because
there are no literature data of experimentally obtained viscosities for
ZrO2, computationally calculated data based on molecular dynamics
simulation [20, 21] are shown in the ﬁgure together with the present
data. The data presented here are slightly higher than the calculated data.
Both show more or less the same temperature dependencies. This shows
that the interatomic potential used relatively well captures the energetics
and might have to be modiﬁed to match the exact experimentally
determined values.
In moderate ranges of temperature, the temperature-dependent vis-
cosity of liquids can be well expressed by the Andrade equation [24].
η ¼ η0exp

E
RT

(8)
where R is the gas constant, η0 is the parameter depending on the ma-
terials, and E is the activation energy for viscous ﬂow. The data are well
ﬁtted by this Andrade equation, as shown in Fig. 9, of which functional
form is given by
ηlZrO2 ¼ð0:96 0:69Þ  exp
ð6:4 2:0Þ  104
RT
	 
mPas
 
3170 K < T
< 3471 K

(9)
where ηlZrO2 is the viscosity of liquid ZrO2. The deviation of the pa-
rameters in Eq. (9) is large. In order to obtain ﬁtting parameters with
smaller deviations, it is necessary to measure the viscosity at a much
wider temperature range because that value is related to the temperature
dependence of viscosity. However, it is difﬁcult to measure the viscosity
at extremely high temperatures because of the evaporation effect, limi-
tations on the laser power to avoid damaging the mirror or window, and
so on. Thus, in this experiment, the temperature range of the measure-
ment is too narrow to determine the ﬁtting parameters more accurately.
Using Eq. (9), the viscosity of liquid ZrO2 at its melting point was
calculated to be 13 mPas, which is much lower than that of liquid Al2O3,
of which the value is 46 mPa at the melting point, and the activation
energy of ZrO2 was found to be (6.6  2.1) 102 eV/atom, while theFig. 9. Temperature dependent viscosity of liquid zirconia determined from
independent runs on fresh ZrO2 samples (symbols) together with a ﬁt applying
Eq. (6) (solid red line) in comparison with viscosity data determined from MD
simulations by Kim et al. [17] (dashed green line).
6value of Al2O3 is (9.6  2.1) 102 eV/atom.
4. Conclusions
The density and viscosity of liquid ZrO2 were measured using an ADL
furnace built at Osaka University. This novel setup was successfully
veriﬁed by comparative experiments on liquid Al2O3 samples. Good
agreement was found for both density and viscosity with previously
recorded data. The density of liquid ZrO2 was calculated based on the
mass and volume of the sample, within a temperature range from 2753 K
to 3273 K. The density of liquid ZrO2 was found to be around 4.7 g/cm3
at its melting point of 2988 K and decreased linearly with increasing
temperature. The viscosity of liquid ZrO2 was determined applying the
droplet oscillation method for temperatures in the range of 3170 K–3471
K. The viscosity of liquid ZrO2 is about 13 mPa at its melting point of
2988 K. The data are well ﬁtted by the Andrade equation with an acti-
vation energy of 64  20 kJ/mol The viscosity of liquid ZrO2 at its
melting point is about a factor three lower than for Al2O3 at its melting
point. A comparison with MD simulation data showed a good agreement
in terms of the temperature dependence but a slightly higher value in
experiment compared with the simulation. In summary, the present work
delivers the ﬁrst report on the experimentally evaluated viscosities of
liquid ZrO2.
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